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PROBLEM 


Develop a technique for finding design and location criteria for ship- 
board vhf/uhf naval communications antenuas. Document the technique so 
that it is possible for an antenna engine r to establish, for any particular 
circuit, the minimum mean antenna gain, the maximum standard deviation 
of the antenna gain, the height of the antennas, and the trade-offs involved. 
Also indicate how the information developed can be used to analyze exist- 
ing systems. 


RESULTS 


1. Findings of this study are presented to enable the antenna 
engineer to establish his own design and location criteria and the associated 
trade-offs. See RESULTS, DESIGN FINDINGS, in the report proper. 


2. The results of the design section are described and examples are 
presented to show how to use them in the analysis of existing circuits. See 
RESULTS, ANALYSIS FINDINGS. 


3. Conclusions are drawn about shipbcerd antenna design and 
location. See SUMMARY AND CONCLUSIONS — SHIP TO SHIP, SHIP TO 
AIR, and GENERAL. 
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INTRODUCTION 


Up to now, there has been little documented guidance on the design 
and location of vhf/uhf antennas aboard ship for shipboard communications 
links. Antenna engineers have followed a basic rule: locate the antenna as 
high as possible for ship-to-ship circuits, locate it as low as practical (down to 
17m abuve the water) for ship-to-air circuits in the 225—300MHz band, and 
try to maintain omnidirectional patterns in all cases. This rule can lead to 
ineffective design and positioning of antennas, especially when trade-offs and 
compromises with other systems are required, with the result that the com- 
munications link may not meet its requirements or its potential. Because of 
these problems, there is a need to develop better design and location criteria 
for shipboard communications antennas. 

This report develops a technique by which effective criteria for the 
design and location of vhf/uhf communications antennas can be found and 
decisions on the various trade-offs involved can be made. The technique may 
also serve in the analysis of present vhf/uhf antennas and circuits. 

When an antenna engineer is asked to design an antenna system for a 
particular circuit, he is generally given a list of circuit requirements which 
must be met by the system as finally installed. These requirements establish 
range, desired grade of service, and percentage of time (time availability) the 
circuit is to provide the desired grade of service or better. The grade of service, 
time availability, and range requirements establish a baseline from which te 
work. To perform a complete analysis, the engineer sums the rest of the gains 
and losses throughout the system. To the direct losses, such as basic trans- 
mission loss, coupler losses, and cable losses, the loss biases for the statistically 
varying items must be added to achieve the desired time availability. The 
difference between the sum and the required grade of service establishes the 
amount of gain the antenna system must provide. However, many engineers 
have only vague familiarity with the values of the individual parameters for 
a particular link, and are likely to have almost no knowledge of the trade-offs 
involved. In general, the result is a design that is governed solely by the basic 
rule in the first paragraph. On the other hand, if an antenna engineer could 
be given all the parameters, he could establish effective criteria for the antennas 
in the system based on the fact that after system installation the net system 
margin (dB above the required grade of service) must be 20. 

The research documented here provides antenna engineers with a 
knowledge of the values of the parameters of the summation. In addition, 

a general technique for obtaining antenna design and location criteria for 
shipboard Navy communications circuits is developed by theoretical analysis. 
This work also provides information on the trade-offs involved in assigning 
one parameter more importance than another. 

Although this effort is directed toward developing shipboard antenna 
design criteria, it ignores the effect of complex ship electromagnetic environ- 
ment upon the receiving capability ~ a major item in communication 
system design. To get valid design results, one should consider the communi- 
cation system as a whole, and an appendix is included to indicate the effect of 
a complex shipboard environment upon a sample receiving system. The work 
done for the appendix was funded under another project but is documented 
here because it can have a major impact upon antenna design and utilization. 
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PROCEDURE 


The procedure followed to deduce the vhf/uhf design and location 
criteria is given in the following paragraphs. 

1. A list of CNO qualitative requirements for vhf/uhf communica- 
tions circuits is completed in terms of circuit type, frequency, range, time 
availability, and grade of service. 

2. A mathematical model of a typical naval vhf/uhf communica- 
tions circuit is set up. 

3. A computer program is developed to calculate basic transmission 
loss between two isotropic antennas. 

4. By use of the mathematical model and the computer program, 
predicted vhf/uhf communication system performance relative to antenna 
performance is determined. Total communication system performance for 
typical Navy vhf/uhf systems is then predicted mathematically to see whether 
the actual performance requirements of paragraph (1) can be met in theory. 

5. By use of the mathematical model and the computer program, 
the effect of each individual parameter on total system performance is found. 
This is then documented so that an antenna engineer can develop his own de- 
sign and location criteria for a particular circuit of interest. This technique is 
also used to deduce trade-off guidance in weighting various individual 
parameters. 

6. Al! the results and work done for the design criteria are studied 
to see which of the developed items would be of use to an antenna engineer 
analyzing a current vhf/uhf antenna system. This analysis is then documented. 


VHF/UHF COMMUNICATIONS REQUIREMENTS 


The following requirements for Navy vhf/uhf communications were 
extracted from the Naval Communications Mid-Range Plan (NC-MRP-82): 


FREQUENCY 
vhf: 30—76MHz, 115—162MHz 
uhf: 225—400MHz 
RANGE 
ship-to-ship: vhf and uhf, 55.6km (30nmi) 
ship-to-air: uhf, 556km (300nmi) 
TIME AVAILABILITY (RELIABILITY) 


vhf and uhf: 99% reliability, with median outage not greater 
than 10 minutes in any 24-hour period, calculated on an annual 
basis. Maximum single outage should not exceed 30 minutes. 


GRADE OF SERVICE (PERFORMANCE) 
plain language: 95% voice intelligibility 


secure voice: 95% voice intelligibility 
data link: 10-5 probability of error 


al 


These requirements are desired performance objectives, but NC- 
MRP-82 states that they may be relaxed where the objective is not econom- 
ically feasible. 


COMMUNICATION SYSTEM MODEL AND MATHEMATICAL ANALYSIS 


The problem of finding design and location criteria for shipboard Navy 
communications antennas involves many variables. Prior to mathematical 
analysis, the performance terminology and the system model must be defined. 


PERFORMANCE TERMINOLOGY 


In this study the following standard terms and their definitions are 
used to indicate the performance of the circuit: 


1. Grade of Service: That level of signal-to-noise ratio (SNR) or 
binary bit error rate (ber) that provides acceptable service. 


2. Time Availability: The percentage of time that an acceptable 
or better grade of service is provided. 


3. Service Probability: The probability that the specified, or 
better, grade of service will be achieved for the specified time availability. 
Service probability accounts for the uncertainties in the values of the param- 
eters used to predict system performance. However, in this study no attempt 
is made to determine the magnitudes or the distributions of these uncertainties; 
50% service probability has been assumed. 


SYSTEM MODEL AND OTHER TERMINOLOGY 


A typical naval vhf/uhf communications link first appears as an ex- 
tremely large varizty of interrelated items. However, this complex network 
can be broken up into a set of quantized functions interconnected in a 
particular flow pittern. This technique of quantization was used in setting 
up the communication model used in this study and figure 1 shows the 
model’s quantizec flow diagram. The following tabulation is an explanation 
of the pertinent cetails of each block. 

1. Trasismitter Modem. Supplies the transmitter with the appro- 
priate modulation scheme — FSK, AM, DPSK, etc. It is a nonstatistical item. 


2. Transmitter. A power amplifier that is capable of supplying the 
transmitting antenna system with the desired power at the desired frequency 
with the desired modulation. It is a nonstatistical item. 


3. Transmitter Line Losses. The losses associated with the signal 
path between the transmitter and the transmitting antenna. These include 
coaxial-cable losses and losses associated with terminations and coupling de- 
vices at the ends of the coaxial line. Although these items may vary on typical 
ships in use, they are generally considered nonstatistical and are so considered 
in this study. 

4. Transmitting Antenna. An antenna in free space may have a 
pattern which is easily and clearly characterized. However, installation 
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Figure 1. Communications system model. 
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aboard ship significantly alters this free-space pattern, and the resulting pattern 
is highly dependent upon location. Because of this pattern variability and the 
need to communicate in random directions, the transmitting antenna is char- 
acterized as a statistical device. Hence, in this study, the gain of a shipboard 
transmitting antenna is characterized as that of an antenna having a free-spac. 
pattern with a normal probability distritution. This is a realistic distribution 
and allows the antenna to be specified by its mean and standard deviation. 


5. Basic Transmission Loss. In this study we employ the definition 
of basic transmission loss Ly given by Norton. Formally it is defined as 


P,: 
_ ti 1 


where P,; is the power transmitted by an isotropic radiator and P,, is the 
power received by an isotropic receptor. Essentially, L;, is the loss the signal 
suffers while traveling between the transmitting antenna and the receiving 
antenna. This loss is dependent upon antenna aperture effects, basic free- 
space loss effects, the effects of direct and reflected waves, and surface-wave 
effects. Figure 2 shows the geometry used in making the calculation of 

Lh: Ly must be considered a statistical item because the sum of the direct, 
reflected, and surface waves is dependent upon atmospheric refractivity, and 
atmospheric refractivity varies greatly with time and position on the earth. 
Typically, the variations in Lj, may be considered to be normally distributed 
with respect to time and have a standard deviation which is generally less 
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Figure 2. Geometry used to make calculations. 
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6. Noise. In this study noise is defined as any undesired power in 
the output. There are many sources of noise, and the characteristics of those 
that are of interest to this work are briefly covered in the following paragraphs: 


a. Man-made noise: Any signal power other than naturally gen- 
erated and that is n>t the desired signal. This signal power may 
include interference trom intermodulation products, other trans- 
mitters, etc., and hence may have a large mean value and a large 
amount of variation (see appendix). In a well designed system 
this type of noise is negligible, but in a poorly designed system 

it may be of major concern. 


b. Atmospheric Noise: Noise generated by natural causes in 
the atmosphere. The mean value of atmospheric noise falls off 
as frequency increases and, in general, its standard deviation is 
small at vhf and uhf. Atmospheric noise is important at the 
lower vhf frequencies where its mean value is greatest. 


c. Galactic Noise: Noise generated by natural causes in the 
galaxy, excluding earth sources. It is important only at the lower 
vhf frequencies and, in general, is not highly variable. 


d. Receiver Noise: Ncise generated in the receiver. Receiver 
noise has a relatively constant average value, but may have a slight 
long-term variation resulting from improper receiver maintenance. 


In this study, the particular source of noise is not important, but the 
magnitudes of the average value and standard deviation of the total noise 
power are of extreme importance. Hence, noise is considered a single param- 
eter which is a summation of power from all sources. This single parameter 
has a probability distribution that can be represented as falling off approxi- 
mately normally for values above the mean. Thus, for this model, noise may 
be considered to have a mean value and a standard deviation. In a well de- 
signed system for ships, it is felt that a reasonable value for the standard 
deviation of the noise is 4dB. This standard noise deviation will increase in 
less well designed systems. 


7. Receiving Antenna. An antenna that receives the transmitted 
signal. It has the properties of the transmitting antenna characterized in para- 
graph 4. In addition to the attenuated transmitted signal, the receiving an- 
tenna receives noise and interference. 


& Receiver Line Losses. The losses listed in paragraph 3 are present 
in receiver lines. However, the losses in this case are associated with the sys- 
tem between the receiver and the receiver antenna. The receiver line loss is 
generally a nonstatistical item. 


9. Receiver Proper. Essentially a narrow-bandpass amplifier, with 
amplification occurring at radio and intermediate frequencies. The receiver 
is generally a nonstatistical item. 


10. Receiver Modem. Demodulates the received signal and converts 
it into useful information. It has some probability of error depending upon 
the SNR applied to the device. 


11. Output Device. Displays the received signal in the desired fashion. 
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MATHEMATICAL ANALYSIS 


The basic mathematical technique used to find vhf/uhf antenna design 
and location criteria is quite simple. However, the calculation of some of the 
parameters is involved and requires a digital computer. 

Definition of the following terms is essential to the explanation of the * 
mathematical technique. 


Pr Transmitter power in dBW 
PIT Transmitter line losses in dB 


Gay Mean free-space shipboard transmitter antenna gain in dB 
above isotropic 


Lp Basic transmission loss in dB 


Gapr Mean free-space shipboard receiver antenna gain in dB 
above isotropic 


Nr Mean total noise rower in dBW 
PLR Receiver line losses in dB 


B(TA) Bias needed to achieve the desired time availability (TA) in dB 
GS Giade of service 


These are the terms used in establishing antenna design and location 
criteria. By summing these terms according to equation (2), the grade of 
service for a circuit can be established. The crux of the study is to establish 
from 


Pr- Pry t+ Gap-LptGap-Ny-Pyp- BTA) >GS, (2) 


equation (2), a technique for finding shipboard antenna design and location 
criteria that will be a combination of necessary mean antenna gain, maximum 
permissible standard deviation of antenna gain, and minimum antenna height. 
Once the criteria are found, they can be used to establish requirements for 
location of antennas with respect to masts and other topside structures. 

Some of the terms in equation (2) are established directly from circuit 
requirements ( for example, GS) and transmitter and receiver specifications, 
and others are indirectly established. For most circuits, time availability 
coupled with circuit statistics leads to B(TA); Nr is generally established by 
the type of receiver or the limiting noise source; Pr is established by the 
transmitter; and Py 7 and Py R are established by the types of networks con- 
necting the receiver or transmitter to the antenna. When all these things are 
known, the only items left to specify are the antenna heights, the mean gain 
of each antenna, and the standard deviation of the gain of each antenna. If 
these are specified so that for a particular physical arrangement the predicted 
grade of service is greater than or equal to required grade of service, antenna 
design and location criteria have been generated. 

The term B(TA) should be explained in greater detail. As stated, 
many items in the model shown in figure | are statistical. If one desires to 
have a high percentage of confidence in the predicted grade of service, one 
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must add a bias protection factor to overcome these statistical variations. The 
bias depends on the percentage of confidence, which is the same as the per- 
centage of time the circuit s available, and the random variable chosen to 
represent the time-varying items in the model. For the communications 
model of this study, the random variables are assumed to be represented by 
independent normal probability distributions in the region of interest. Under 
these conditions, the random variable describing the whole circuit is normally 
distributed with a mean which is the sum of the individual means and a 
standard deviation that is the square root of the sum of the squares of the 
individual distributions. Hence, B(TA) can be represented by equation (3); 
Gp is the standard deviation of the random variable representing the whole 
circuit and is given by equation (4). D(TA) is the standard normal deviate 
for the desired TA. 


B(TA) = op D(TA). (3) 
where: 

SAR = Standard deviation of receiver antenna free-space gain 

Say = Standard deviation of transmitter antenna free-space gain 

oN = Standard deviation of the noise power 

OL = Standard deviation of the basic transmission loss 


The effects of B(TA) are discussed in greater detail in RESULTS, 
DESIGN FINDINGS. 

At this point, a simple example will illustrate the technique for finding 
criteria and establishing trade-offs. Suppose the requirement exists for a 
400MHz circuit with a 10dB grade of service for two ships 50km apart with 
fixed antenna heights of 30 meters. The circuit is to be available 85% of the 
time, the transmitter puts out 100 watts, the receiver is internally noise limited 
with a noise level of -140dBW, the line losses for each system are 3dB, and the 
transmission loss and total noise have standard deviations of 4dB each. It is 
desired to establish the mean gain, maximum standard deviation, and associated 
trade-offs for both antennas. Proceeding with the analysis, one begins to ident- 
ify the values of terms in equation (2): 


GS = 10dB, Pi 7 = 3dB, PL = 3dB, Ny = -140dBW, and Py = 20GB. 
This leaves G AT? G AR: B(TA), and Lp unknown. A computer algorithm is 
developed that tells us that Lg for this geometry is 141dB. Then we have 


only the unknowns to solve for. Inserting these values into equation (2) 
yields equations (5) and (6). 


20-3+ Gay - 141 +Gap + 140-3 - B(TA) = 10. (5) 


3+Gap +Gar-B(TA) =0. (6) 


B(TA) can be found from equation (3). For 85% time availability, the 
standard normal deviate is approximately unity, so B(TA) can be represented 
by equation (7). 


BTA) = log= V4? +42 +04, +04p. (7) 


Coupling this back into equation (6) yields equation (8), an expression which 
determines the antenna design criteria and the associated trade-offs. 


3- V32+0%— +0,n +GartGap=0 (8) 


Since there are more unknowns than equations, the solution to these unknown 
terms is not unique; hence, the object is to choose solutions that yield physically 
realizable devices. In this case, one solution: if o AT=%AR™ 0,G AT™= -3dB, 


and Gar = +/32. Since 647 = OAR = 0 implies a perfectly omnidirectional 
antenna (which is difficult and expensive to develop), a better choice may be 
OAT = OAR = 3dB, and Gap = Gap = 1/2 (50-3) = 2.03. There are many 
such possible solutions and there are many trade-offs to be made. 

The previous example shows that it is possible to find antenna design 
and location criteria for every circuit by following the technique illustrated. 
However, the procedure is tedious and somewhat difficult to execute long- 
hand. A computer can be used to perform the calculations, but altho:igh the 
procedure effectively simulates the system, the problem of how to present 
the data remains. 

It was decided that a better method than presenting just the absolute 
design criteria for each Navy communication circuit would be to record the 
results so that an engineer could determine his own criteria for a particular 
circuit and understand all the ramifications. It was felt that the best way to 
do this was to record in graphical form the computer output data needed to 
find each term in equation (2) for all reasonable physical geometries. This 
method of presentation allows the engineer to understand the circuit and 
make trade-offs effectively without needing to run a computer program. 

It was therefore decided to use a digital computer to aid in simulating 
the total circuit. By keeping all circuit parameters constant except one, and 
incrementing that constant through its range, the effect of the parameter was 
determined. This technique was particularly useful in findi:g the effect of 
various parameters on basic transmission loss. 

Two computer programs for calculating basic transmission loss were 
investigated. The first was developed recently by a U.S. Government agency 
to simulate vhf and uhf communication circuits. It follows closely the analysis 
of Longley and Rice [1968] and Rice et al [1965]. This program includes all 
the terms in equation (2) and simulates tne whole circuit. However, upon 
closer investigation, it was found to be excessively optimistic in its basic trans- 
mission-loss caiculation for line-of-sight paths. Because of this optimism, a 
second program was considered — that of Berry and Chrisman [1965], of 
ESSA. it solves an integral for the field strength of the signal above a spherical 
earth by using one of three techniques, depending upon the geometry of the 


path. A saddle-point solution is used in the visible region, complex numerical 
integration in the penumbra, and a residue solution in the deep-shadow region. 
The field-strength solutions have been checked against Norton’s curves 
{Barrick, 1970] and CCIR solutions [CCIR, 1955], and the results agree. 

A comparison of actual measured loss over sea water with values com- 
puted by the above two methods was made by Cullen [1969]. The comparison 
indicates that the Berry and Chrisman method produces better results. For 
this reason, the method of Berry and Chrisman was chosen to calculate Lz 
in equation (2). However, before use in the present study, the Berry and 
Chrisman program was modified to calculate basic transmission loss as de- 
fined in equation (1), and several plotting options using a Calcomp plotter 
were incorporated. 


RESULTS 


The results of this study are presented in two sections, DESIGN 
FINDINGS and ANALYSIS FINDINGS, and each of these sections is further 
divided into two types of circuit links — ship to ship and ship to air. In the de- 
sign section, an attempt is made to present the findings in a manner that will 
allow an antenna engineer to establish his own design and location criteria 
and the associated trade-offs. This is done by discussing the variation of each 
term in equation (2), or the pertinent circuit parameters and their effect upon 
the final system performance. An example is then covered for each circuit 
type which illustrates how to use the data. 

In the analysis section, the results of the design section are discussed 
and examples presented to illustrate how to use these findings to aid in the 
analysis of existing circuits. 


DESIGN FINDINGS 


While trying to find design criteria for an antenna on ship, an antenna 
engineer must consider antenna gain as a random variable. This arises because 
(1) any antenna will have pattern variation, (2) communication is equally 
probable in any direction, and (3) the direction is time-varying. A reason: ble 
approximation to the probability distribution of the gain is the normal distri- 
bution characterized by a mean and standard deviation. It is the goal of the 
antenna engineer to define the bounds of the mean and standard deviations of 
the distribution data. This section provides the data necessary to do this. 


SHIP TO SHIP 


The range of parameters of interest values can be obtained from physical 
constraints and circuit requirements. In the ship-to-ship case, range is less than 
60km, frequencies are between 30 and 400MHz, antenna heights are limited to 
less than 60m, and transmitter power is less than 1000 watts. 


a a] 


BASIC TRANSMISSION LOSS. Calculations of basic transmission loss 
over sea water were performed by the Berry and Chrisman method for vertical 
polarization, a relative dielectric constant of 80, conductivity of 4mho/m, and 
smooth sea. The calculations were performed for intermediate receiving and 
transmitting antenna heights (30m) as a function of distance for the upper and 
lower frequency in each band of interest. The results are presented in figure 3. 
Only vertical polarization is presented, because the basic transmission loss for 
horizontal polarization is too great to make its use of any practical interest for 
the ranges and frequencies involved here. 
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Figure 3. Basic transmission loss over sea water for 30m transmitter and receiver heights. 


For heights other ihan 30m, a loss correction value must be added to 
the value shown in figure 3. Beyond about 25km, the correction for height is 
almost independent of distance for antenna heights less than 60m. The calcu- 
lated correction values for other antenna heights are shown in figure 4, with 
one plot for each frequency. The plots are accurate to within 1dB. Linear 
interpolation can be performed between the curves for other frequencies 
and interpolation can be performed on the curves for other heights, with 
reasonably accurate results. It may also be noted that above a certain critical 
height, the height correction value is almost independent of frequency. Be- 
low this critical height, the height correction value is almost zero. A plot 
showing the critical height as a function of frequency is shown in figure 5. 
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Figure 4, Loss correction values for other shipboard antenna heights. 
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Figure 4. (Continued) 
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Figure 4. (Continued) 
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Figure 4. (Continued) 
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Figure 5. Antenna critical height. 


The effect of frequency on basic transmission loss for a given set of 
parameters can also be determined from figures 3 and 4. This can be done 
by using these curves to calculate the loss for a given distance and pair of 
heights, and then plotting the loss versus frequency. An example of such a 
plot is shown in figure 6. 

The variability of basic transmission loss can be broken down into 
two items: long-term power fading and short-term fading. Short-term fading 
is associated with tropospheric scatter propagation and multipath propagation. 
Diversity techniques other than polarization diversity [CCIR, v. II, 1970] can 
be used to combat this type of fading. However, for the distances and power 
in Navy ship-to-ship communications, scatter propagation presents basic trans- 
mission loss so great it is of no interest. 
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BASIC TRANSMISSION LOSS, dB 


FREQUENCY, MHz 


Figure 6. Basic transmission loss as a function of frequency for fixed 
geometry — 55.6 km separation, 30m antenna heights. 


The fading of interest is long-term power fading. Long-term power 
fading is caused by changes in the atmospheric refractive index [CCIR, v. II, 
1970}, and cannot be countered by diversity techniques. According to 
Longley and Rice [1968], the average long-term sea-level atmospheric re- 
fractivity varies from 300 to 390 for all the world seas. In addition to this 
average variance, the daily variation may be as high as 90 [CCIR, v. II, 1970]. 
Using 300 and 390, a 50km distance, antennas at 30m, and a frequency of 
400MHz, the computer calculation (Berry and Chrisman method) indicates 
the basic transmission loss changes from 143 to 141dB. This calculation 
assumes the refractive index has the same linear height profile all along the 
path and thus eliminates the possibility of ducting or any associated phenom- 
ena that could potentially increase the variation of the above calculations. 
Detailed empirical data indicate greater variation than the above sample caleu- 
lations indicate [Rice et al, 1965]. Because of the above, it is felt that it is 
reasonable to consider the variability of the basic transmission loss to be 
normally distributed with a standard deviation of 3dB. 
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TRANSMITTER POWER AND LINE LOSSES (P-y, Py 7, PLR). The 
values of these terms are calculated from parameters of specified equipment 
in the communication circuit. P-p is determined by calculating the power of 
the specified transmitter in dBW. Currently the maximum power capability 
in the uhf and vhf bands is 1000 watts, but mos transmitters transmit less 
than 100 watts. If the power budget is being calculated on a per-tone basis 
for a multitone system, the effective transmitter power must be reduced 
according to the results of Smyth Research Associates [1965]. 

Line losses are calculated from line length, specified types and 
numbers of connectors used, loss per unit length, and multicoupler or tuner 
losses. These losses can vary from installation to installation and are to some 
degree a function of antenna height. A typical multicoupler loss is less than 
3.0dB, and typical line lengths are on the order of 30 meters for both trans- 
mitter and receiver. Loss per unit length for various types of cable used in 
these frequency bands is shown in table | along with the insertion !oss for 
various multicouplers. Table | indicates that a typical value of P; 7 or Ppp 
s between 2 and S5dB. 


TABLE 1. INSERTION LOSS OF CABLES AND MULTICOUPLERS, dB. 


Device 50MHz 225MHz 400MHz 
30.48m of 
1/2” Spir-O-Foam 0.55 1.22 1.71 
331/v cable 


30.48m of 

1-5/8” Heliax 0.15 0.3 0.42 
HJ7 - SOA 
30.48m of 


=" 
oie not applicable less than 3.0 
fines less than 2.4 not applicable 
einer not applicable less than 1.3 


TLS POSE STE eR LE A SE AE 7 AY SEY A a A he ee aire Fee ene ey eee 2 eee es ee oe ere, 


ee 


MEAN TOTAL NOISE POWER (Ny). This is the total average noise 
power contributed by man-made noise, atmospheric noise, galactic ncise, re- 
ceiver noise, and antenna thermal! noise. This summation is performed by 
equations (9) and (10) 


Ny = 10 logig (Na +Ng + Ny +Np) + 10 log)9 B 9) 

Nee aol KT + Npit0).. aoe + Np/10) ite 
where: 

N A - Atmospheric noise in W/Hz 

NG = Galactic noise in W/Hz 

Ny = Man-made noise in W/He 

Np = Noise figure of receiver 

K = Boltzmann constant = 1.38 X 10723 joule /K 

= Noise bandwidth of the system in Hz 
T = Absolute temnerature of the antenna (generally assumed to 


to be 288K so that KT = -204dBW) 
Nr = Receiver noise in W/Hz 


Na and Nc may be found by using figure 7 and converting to W/Hz. In 
general, N A and Ng are small with respect to the other noise powers. Figure 
7 also indicates the large variation in Na at the lower frequencies. B and Ng 
can be found from the receiver specifications. 

In general, one of the powers from the various noise sources domi- 
nates the total, and the other sources may be considered negligible. For 
vhf/uhf receivers in Navy use, this cominant source is generally assumed to 
be Np. However, with the ever increasing number of communication circuits 
on ship, it is speculatea that man-made noise in these bands may be increas- 
ing above rece; ver noise. In this case, Nx cannot be considered negligible 
and must be included in the summation. One should see the appendix for the 
impact of items which were considered in a sample multicircuit situation and 
use judgment to determine how these items will impact on Nu in the design 
under consideration. Doing this, one can see that Nuvi may be the dominant 
term. 


PROTECTION BIAS B(TA). Protection Bias takes into account 
antenna pattern nulls, variations in basic transmission loss, and variations in 
noise power. In vhf/unf communications, each of these random variables 
may be considered to be normally distributed with zero mean. In the design 
case, one can say that these variations are uncorrelated, since the random 
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ATMOSPHERIC NOISE 
SUMMER 2000-2400 


NOISE LEVEL, dB ABOVE KTB 


ATMOSPHERIC NOISE \ GALACTIC 
WINTER 0800-1200 
tiles ns 


FREQUENCY, MHz 
Figure 7. Expected noise levels of atmospheric and galactic sources, dB above KTB. 


variables are completely independent. This is the same as saying that there 

is low probability that the following circumstances will occur simultaneously: 
the gains of each antenna are minimum, the transmission joss is maximum, 
and the noise level is maximum. Since each random item has been assumed 
to be normally distributed, the random variations of the whole circuit are 
randomly distributed, with a standard deviation, op, which is the square root 
of the sum of the squares of the standard deviations of the individual distri- 
butions. If the distributions are correlated, the same result holds, except that 
some provision must be made to include the correlation function in the caisu- 
lation of the standard deviation. 

To calculate B(TA), one must find the standard normal deviate for 
the desired time availability and multiply it by op as calculated by equation 
(4). Some representative values of the standard normal deviate are given 
in table 2. B(TA) can be found from equations (3) and (4) or from equation 
(4) and figure 8. As pointed out previously, representative values of oq and 
~ are 4 and 3dB, respectively. These values are representative, and, although 
not always true, may be used if no other information is available. op, and 
Opa are unknowns and must be determined to establish design and location 
criteria. Depending upon the desired time availability and the variability of 
statistical items, the magnitude of B(TA) can take on very large positive or 
negative values, and it is always zero for 50% time availability. 
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B(TA), dB 


Figure 8. Protection bias as a function of time availability and or 


TABLE 2 TIME AVAILABILITY AND STANDARD NORMAL DEVIATE. 


Time Availability (%) Standard Normal Deviate 
1.00 ~2.327 
15.87 - 1.000 
50.00 0.000 
60.00 0.253 
70.00 0.524 
80.00 0.842 
84.13 1.000 
95.00 1.645 
99.00 2.327 
99.90 3.09 


EXAMPLE. Previous to this point, the method for establishing the 
value of each term in equation (2) has been covered except for finding the 
average gain of the antenna, antenna height, and the standard deviation of 
the antenna gain. An example illustrates the technique and trade-offs in- 
volved in finding these values [instruction manuals] . 

The hypothetical problem is to design an antenna system for a com- 
munications link that has a range requirement of 55.6km (30nmi), a 10dB 
SNR grade of service, an AN/SRC-31 transceiver, a CU-1559/SRC multi- 
coupler, and a 99% time availability requirement. 

It is necessary initially to establish the values of the parameters in 
equation (2) from the requirements and the equipment specifications. Pr is 
30dBW, because the AN/SRC-31 has a 1000W capability. The insertion loss 
of the CU-1559/SRC is 1.3dB. Pry = 1.3dB plus cable losses = Pp. Since 
nothing is known about the length of cable, assume the cable losses on both 
ends are 2dB. This is a conservative estimate. Thus, Py = Ppy = 3.3. 
Assume the system is internally noise-limited, which, from specifications, 
indicates -147dBW. From the requirements, GS = 10dB SNR. The standard 
normal deviate is 2.3, so equation (2) yields equation (11). 


2 
TOAR 


The range requirement and frequency range establish some bounds for Lp. 
Figure 3 indicates the loss is 142dB for 30m antenna heights and 400MHz. 
For any other height, the loss must be corrected by the height correction 
value, HF, from figure 4F. Under these conditions, equation (11) becomes 
equation (12). Now the values of the unknowns must be chosen so that 
equation (12) is satisfied. 


HF + 18.4 + Gay +Gap-2.3(V25 +047 tonp)=0. 


Assuming the antennas can be well designed and located, let us choose 
OAT = [AR = 3dB. Then equation (12) yields equation (13). 


30-3.3+Gap-Lg+Gapt 147-33 -23 (47 +25)"= 10. 


HF + 18.4+Gap+Gap - 15.1 =0. 


One can make trade-offs and further choices, if the heights are left at 30 
meters. Then HF = 0, and Gay = Gap =~1.6dB is a solution. Another solu- 


tion is HF = 0= Gap = Gap, which leads to 044, +04 p= 39.0. 


TRADE-OFFS. As can be seen from the previous two examples, 
there are many trade-offs that must and can be made. Some of the important 
ones and their ramifications are covered in the following paragraphs: 


1. Antenna height has little effect upon basic transmission loss at 
the low vhf frequencies. This is seen from figure 4A. In fact, the basic trans- 
mission loss is less at the lower heights. 
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2. Antenna height has a large effect upon loss at frequencies above 
100MHz. However, at uhf frequencies, much greater benefit is gained by raising 
the antennas from 0 to 30m than from 30 to 60m. 


3. Also, at the higher antenna heights, the increased cable loss due 
to greater length tends to reduce even further the small benefits gained from 
larger heights. 


4. For antenna heights greater than 20m above the sea surface and 
the ranges of interest, loss increases with increasing frequency from 30 to 
76MHz and is substantially constant from 76 to 400MHz. 


5. The trade-offs for time availability, etc., can be seen from figure 
8, which shows the bias needed to give the indicated time availability for 
various values of o2 . To understand how this plot is of use, consider the 
previous example, except that the time availability and grade of service have 
not been specified, and the antennas have an average gain of OdB. Thus, the 
only unspecified items are those having to do with the random variables — the 
amcunt that can be taken up by grade of service and bias for time availability. 
In this case, there is 28.4dB of margin available. If 14.4dB is allocated to 
grade of service, then 14dB is left for bias. In figure 8, this is represented by 
a vertical line at 14dB. For 85% time availability, on can be 196, but for 99% 
time availability, it can be only 37, a considerably more stringent requirement. 
If desired grade of service requirement is relaxed to 8.4dB, then o2 is 400 for 
85% and 76 for 99%. Thus, for 85% time availability, reducing op by 6dB 
results in a grade of service improvement of 6dB, but for 99% reducing OR 
from ./76 to./37, or by 2.6dB, also improves GS by 6dB. This indicates that 
small variations in op (and thus small variations in any of the terms comprising 
Op) are very much more important for the high time availabilities (>85%) than 
for the medium time availabilities (50 to 85%). 

There is also a trade-off in relative importance in the terms comprising 
OR. Suppose, for instance, that on is large due to some type of man-made 
interference, say 12dB, Oo, = 3, SAR SFAT™ 6, and TA = 85%, and we would 
like to know the effects of decreasing each antenna standard deviation from 
6 to 2. Doing this results in a system gain (122 + 32 + 62 + 62)” ~ (122 + 32 
+2? + 27)4 = 2.3dB. Now if the same calculation is done with oy = 5, the 
result is (52 +324 62 + 62) - (52 +32 +224 22)% = 4.1dB, a greater system 
benefit than when 0);=12dB. This shows that the relative importance of 
reducing the value of certain terms in equation (3) is highly dependent upon 
the value of the other terms in general. For any considerable effect, the 
term being reduced must be greater than or equal to the next largest value. 


SHIP TO AIR 


Design and location criteria for shipboard antennas for ship-to-air 
circuits can be found by following essentially the same approach as that 
taken in the previous section. However, in this case the range requirements 
are much greater, and one of the antenna heights has a much larger variation. 
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Since this study is directed primarily at shipboard antennas, it is 
assumed that the characteristics of the airborne communications system are 
fixed and easily obtainable. For the purposes of this discussion on design 
criteria, the following assamptions are made about the system: 


1. The airborne receiving system is similar in electrical character- 
istics to the shipboard system 


2. The random variable can be represented by the same type of 
probability distributions as in the ship-to-ship case 


3. The airborne antenna system is assumed to have a OdB mean 
gain and a 4dB standard deviation 


4. Noise has a 4dB standard deviation 


5. | The basic transmission loss has a 5dB standard deviation be- 
cause of the greater distances involved. 


These values are chosen for the discussion because it is felt they are 
representative. However, they may be different, and it is felt that after the 
following discussion the results may be adjusted to reflect any differences 
that may occur. 

The same approach is followed as in the ship-to-ship case, and the 
value of as many terms as possible in equation (2) is determined from the 
specified equipment and the circuit requirements. If this is done, the only 
terms generally remaining to be specified are (1) the standard deviation of 
the shipboard antenna, Osa; (2) the mean gain of the shipboard antenna, 
Gg A and (3) the basic transmission loss, Lp. 

Again, when equation (2) is solved, the remaining terms represent 
more unknowns than equations. There are fewer unknowns than in the case 
of ship-to-ship circuits, but one of these has a much larger variability. This 
unknown is Lg. Its great variability results from two factors — the effect of 
the addition of the direct and reflected waves, and the large height and range 
requirements. For these reasons it is felt that the methods of determining 
basic transmission loss for ship-to-air circuits should be discussed in some 
detail. 


BASIC TRANSMISSION LOSS. Lp can be calculated by standard 
two-ray optic theory. Fortunately, much of the work of calculation has been 
done and is presented so that it facilitates trade-offs. The calculations by 
standard two-ray theory are reported by Goodbody [1972], who tasked 
L. V. Blake, of the Naval Research Laboratory [Blake, 1970], to calculate 
and plot detection contours for typical ship-to-air circuits for free-space 
ranges of 250 and 500 nautical miles. These curves may also be interpreted 
as constant basic transmission loss curves, or isoloss contours. 

The relation between free-space range, R, and basic transmission loss 
is given by equation (14). Solving this equation for Lp yields equation (15). 
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Lp/10\”2 
R=—A (0 m. (14) 
4a 
Lp = 20 logo (#8), (15) 


Since Blake’s curves are plotted for constant take-off angles, the con- 
tours for other values of loss are similar, but with the locus shifted with respect 
to the origin. The scale factor between the new locus and the one given is 
effer ‘ively the free-space range corresponding to the desired loss divided by the 
reference free-space range. Thus, to find the loss contour for + 140dB, 300MHz, 
and 59m antenna height, using equation (14), we find that 796km is the free- 
space range for 300MHz and 140dB. Thus, the range grid (fig. 9) would have 
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Figure 9. Detection contour for ship-to-air circuit. Radio frequency 300MHz, 
free-space range 464km (250nmi), ship antenna height 59m (1 80ft). 
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= 


- antenna gain, G AA? = 0; standard deviation of the aircraft antenna gain, o AA: = 


to be expanded so that the present 464km range (250 nautical miles) becomes 
796km, or the range scale is multiplied by 1.73. A similar multiplication is 
necessary for the height scale. Another way ‘0 look at this is to say: the 
isoloss contour for 140dB would occur in figure 9 if the present locus were 
printed at 1.73 distance and height. Thus, Blake’s curves coupled with equa- 
tions (14) and (15) can be used to calculate detection contours for any 
particular system. 

The Goodbody report gives an idea of the dependence of frequency 
and antenna height on the threshold of detection contour. One sees from it 
that the minimum detection contour occurs at the shortest distance for the 
higher frequencies and the higher antenna heights. It is also apparent that 
increasing the free-space range capability also increases the altitude at which 
the minimum distance of detection occurs. This is significant because the 
altitude capabilities of the aircraft are significant in determining the range 
requirements. For instance, for the aircraft to have need for a $56km com- 
munication range, it must fly at over 18 000m altitude. 

It is of interest to calculate the maximum basic transmission loss a 
system needs to overcome to provide complete airborne coverage for ranges 
less than 556km. The highest frequency presently used for ship-to-air com- 
munications is 300MHz. Since 59m (180ft) is approaching the maximum 
possible shipboard antenna height, one can get an indication from figure 9 
of the maximum mean basic transmission loss which may occur for ship-to- 
air circuits. By the calculation done previously, the results of Goodbody 
indicate that all nulls in the detection contour can be removed by increasing 
the free-space range capability to 2050km. This corresponds to a maximum 
loss of 148.2dB. Thus, any system which will overcome this value of Lp will 
provide acceptable service in the complete airspace. Bear in mind that this 
calculation was done for a smooth sea surface. A rough sea surface will re- 
duce the value of 148.2dB. 


EXAMPLE. As an example, assume the design of a shipboard antenna 
system which will provide null-free service in the complete airspace from zero 
to 556km. Assume the transmitters and multicouplers have characteristics 
similar to those of the AN/SRC-31 and CU-1559, and the system is internally 
noise-limited. Under these ~onditions, and the assumptions about the airborne 
system given previously: Py = 30dB; Pry = Pry = 3.3dB; mean aircraft 


4dB; 0, = 5dB; Ny = 147dBW; GS = 10; On = 40B; and Lp = 148.2dB. 
Inserting these values in equation (2) yields equation (16). One solution 
to this — 


Ggq-2.3V54+02, =-14.8 (16) 


SA 


— is Gga; the ship antenna gain, equal to 4.5dB and Oca, the standard de- 
viation of the ship antenna gain, equal to 4dB. There are other solutions, but 
it should be noted that reducing Oca to zero only reduces the requirements 
on Gga to 2.2dB. 


UV ar 
(6 | ef 


= TS EE PRATER IT ALT A A RT A OEY SEALER AS u mR. Mun Pars 19 ~ + bys 
us: 
P2iauan Pert Mun aA BI A A a Pull Met A es AL rt Berea RP 


TRADE-OFFS. Again there are many trade-offs that can be made. 
Some of them and their consequences are listed here. 


1. High antennas and the highest frequencies produce detection 
contours with large amounts of lobing and the shortest distances of satisfactory 
performance. 


2. Low antenna heights lead to less lobing, but performance falls off 
at the lower-elevation, long-range paths. 


3. High antennas lead to the best long-range performance, but have 
poor performance near the transmitter because of lobing. 


4. Maximum airspace coverage can be obtained by increasing the 
transmitter power and the average gains in the circuit, but may be difficult to 
achieve on the airborne end because of weight. 


5. Better airspace coverage can be obtained by connecting two 
antennas in vertical-pattern diversity. Blake’s [Goodbody, 1972] results 
indicate that a vertical spacing of about 30 meters is needed to do this. 


6. Because of the large variability of basic transmission loss for uhf 
circuits with ranges to 556km, little is gained by reducing the variability of 
the free-space antenna gains to zero. 


7. The altitude and range limitations of the aircraft have great in- 
fluence on antenna and aircraft requirements. 


ANALYSIS FINDINGS 


When analyzing an existing system, one is studying a communications 
system after installation. Under these conditions, many of the statistical items 
are fixed, and a somewhat different approach is required. For accuracy, 
knowledge of the system parameters after installation is required. It is assumed 
in the following discussion that these past installation parameters are available, 
or there exists a means of measuring them. 

In analysis problems there are two potential questions. First, does the 
system as installed meet the specified requirements from a statistical point of 
view? Second, does the system meet the requirements in specific situations? 
In either case, equation (2) is used, but now it is solved only for the grade of 
service. 

Method. Again the procedure of the two previous sections is used. The value 
of each term in equation (2) is identified. Pr is found by measuring the 
transmitter power, Py and Ppy are the measured line losses of the system, 
and Ny can be found from the average value of measured noise data, if avail- 
able, or can be calculated by use of the procedure given in the design section. 
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On and cy, are difficul: to find unless elatorate test equipment is used to 
measure them. If this equipment is available, the measured values of On and 
o, can be used; if not, the values used in the design section provide reasonable 
substitutions. 

Lp can be determined from the design section. For ship-to-ship 
analysis, Lp can be determined from figures 3 and 4. For ship-to-air circuits, 
Lp can be determined from the work of Blake [Goodbody, 1972] and equa- 
tion (15). To do this, one must determine a factor for expanding the detection 
contour for that height and frequency so that it falls on the desired range and 
elevation. This factor times the reference free-space range determines the new 
free-space range for that point. The new free-space range used in equation (15) 
yields the basic transmission loss between the ship and the aircraft. 

Before proceeding further with the identification of terms in equation 
(2), one must ask whether one wants to do a statistical analysis of the existing 
system as a particular point-to-point solution. The answer to this question 
determines how the antenna terms in equation (2) will be characterized. 


STATISTICAL ANALYSIS 


To determine whether an existing system can meet the statistical cir- 
cuit requirements, one must determine the actual low-take-off angle free-space 
patterns as a function of azimuth. Examples of this type of pattern are shown 
in figure 10. From these patterns, the mean gain of each antenna, Gy and Gp, 
can be identified. With the gain distributions of the antennas about their means 
and the assumed or actual distributions of the noise and transmission loss 
known, the approximate probability distribution function for the sum of the 
random variables for the whole circuit can be found by the use of convolution 
methods [Meyer, 1965]. According to the central limit theorem, this distri- 
bution should tend to approximate a normal distribution. This probability 
density function may be integrated and the result solved to get the bias, 
B(TA), required for the desired time availability. 

This value, and values of other terms, may then be inserted in 
equation (2), and the grade of service can be calculated. If the result is greater 
than or equal to the desired grade of service, satisfactory service is achieved. 

If not, each term in equation (2) must be investigated to see where the prob- 
lem lies. 

If there is a preferred direction of communication, the problem is 
approached as above, except that the antenna patterns are considered to exist 
only in that direction. For instance, if the antenna is known to be used only 
for starboard reception and transmission, then only the starboard 180° of the 
antenna gain need be included in the calculations. 
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Figure 10. Antenna patterns. 
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B. SECOND SHIP 
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Figure 10. (Continued) 
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Figure 10. (Continued) 
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SPECIFIC POINT-TO-POINT ANALYSIS 


For the analysis of a specific point-to-point problem, the standard 
deviations of the antennas are removed from equation (4). Under these con- 
ditions, Gay and G AR become the specified antenna gains in that particular 
direction. Again, as in the statistical analysis case, actual measured values can 
be used for oy and on if they are available. If they are not, the same approach 
used in the design section can be taken, and representative values assumed 
and used. 

One must be careful while doing this type of analysis not to draw un- 
founded conclusions about the antennas. For instance, if this calculation is 
done for a system in which the direction of communication falls in deep nulls 
in the antenna pattern, there may be a tendency to state that the antenna is 
not meeting its requirements. Before one can accurately state this, one must 
ask how probable the occurrence of this is. Under conditions in which the 
nulls are narrow and extend many dB from the mean, and the direction of 
communication is random, it is highly probable that satisfactory communica- 
tions will occur. However, if communicaticn in the direction in which these 
nulls occur is preferred or highly probable, then it is probable that the antennas 
will not meet their requirements. 


EXAMPLE 


As a first example, consider a ship-to-ship case. Assume that both ships 
are equipped with AN/SRC-31 and CU-1559 systems. The antenna of the first 
ship has the pattern shown in figure 10A and the antenna on the second ship 
has the pattern shown in figure 10B. One antenna is 50m high and the second 
is 20m. The receivers on each ship are connected to modems that have bit 
error characteristics similar to those shown in figure 11. The problem is to 
discover whether this system meets the requirements stated in the requirement 
section. 

We begin by assigning values to terms in equation (2). Measurements 
on ship indicate Pp = 30dB, Py; = 3dB, and Pp; = 3dB. All the patterns in 
figure 10 are statistically the same. Each is normally distributed with a mean 
of OdB and a standard deviation of 4dB. Thus, Ga-p and Gap both equal zero, 
and OaT and o AR both equal 4dB. Since nothing has been indicated about 
the noise or the path loss variability, apply the value used in the design section 
in which the system was assumed to be internally noise limited with N+ = 
-147dBW, on = 4dB, and o; = 3dB. Since both heights are above the critical 
heights for these frequencies, figure 3 indicates that 400MHz will have maxi- 
mum loss. Figure 3 indicates the loss for 30m heights is 146dB and figure 4F 
indicates there is a correction factor of -1.7dB for antenna heights of 50m 
and 20m, so the total loss is 144.3dB. For 99% time availability, the standard 
normal deviate is 2.3, which, coupled with the above standard deviations, 
leads to B(TA) = 17.3dB. Solving equation (2) yields the fact that received 
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SNR will be greater than 9.4dB 99% of the time. Figure 11 indicates this SNR 
applied to the modem will yield a bit error rate of less than 8 X 1076 for 99% 
of the time, or, in other words, acceptable service. 

Suppose we would like to ascertain whether the requirements can be 
met for the previous situation, except that communication is to be along a 
line through 32.5° on pattern 10A and145° on pattern LOB. In this case, Gap 
= -10dB and Gap = -9dB, and the only items contributing to the variability 
of the circuit are the noise and path loss. Making assumptions the same as be- 
fore, we have 61, = 3dB and oy = 4B so that B(TA) = 11.5dB. Inserting 
these values into equation (2) yields -1.8dB for the received SNR. Hence, the 
received SNR will be greater than -1.8dB 99% of the time. [t is almost certain 
that this will provide unacceptable service if this direction of communication 
is used a lot. However, as illustrated by tne previous example, this system 
meets circuit requirements 99% of the time if a random direction of com- 
munication is assumed. 


0.000 6.667 13.333 20.000 26.667 33.333 40.000 
SNR, dB 


Figure 11. Modem ber as a function of SNR. 
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Now let us consider the statistical analysis of a ship-to-air circuit. The 
shipboard antenna has a 59m height and an antenna pattern the same as 
figure 10B with a mean gain of OdB and a standard deviation of 4dB. The 
same equipment is on the ship as in the previous ship-to-ship example. Simi!ar 
equipment is on the aircraft, and its antenna pattern is shown in figure 10C. 
The problems are to find the point at which the minimum SNR can most 
probably be expected as the aircraft flies along at 15 000m directly toward 
the ship, and, at this point, to calculate the expected SNR for 99% time avail- 
ability and a frequency of 300MHz. 

From figure 9, we find that the most probable point of minimum 
SNR will occur at 0.5° take-off angle, or at 426km, since this is the take-off 
angle which has the minimum distance to the detection contour. It is even 
more probable that the minimum SNR will occur when communication is 
attempted along the nulls in the antenna patterns shown in figures 10B and 10C. 

To calculate the basic transmission loss for this point, we note the factor 
by which the detection contour must be expanded to place the contour on 
15 000m and 426km. This factor is 426/126 = 3.38. This is multiplied by 
464km to yield the free-space range of an isoloss contour through the point of 
interest. This results in 1570km. Using equation (15), we find that Lp is 
146dB. The only other item that is different than before is oy, and, as before, 
we use the value of 5dB from the design section. Solving equation (2) with 
these values yields 7.3dB. It should be noted in this situation, in which G1 is 
greater than oy, and op q, that if the antennas are improved so that oy, and 
ORA equal zero, the grade of service only improves to 10.9dB. 


SUMMARY AND CONCLUSIONS 


Shipboard antenna design and location criteria can be found by use of 
equation (2). The sequence of steps is as follows: Assign values to Pr, Pit: 
Pip and GS from the equipment specifications and circuit requirements. De- 
termine whether the system is externally or internally noise limited and the 
mean value of the noise. Find, if possible, or assign reasonable values to, the 
noise power standard deviation and the standard deviation of the basic trans- 
mission loss. For ship-to-ship circuits assign heights to the receiving and trans- 
mitting antennas and use figures 3 and 4 to determine Lp. For ship-to-air 
circuits, Lp can be determined from Blake’s work [Goodbody, 1972] and 
equations (14) and (15). Now, the only items unknown are the mean gains 
and standard deviations of the antennas. Choose the values of these items so 
they are physically realizable and satisfy equation (2). Trade-offs may be 
made by noting the change in grade of service as calculated by equation (2) 
as the parameter under question changes. 

Analysis of present antenna systems can be done by using actual data 
on system parameters and solving equation (2) for the received grade of service. 
For analysis work, Lp can be determined from figures 3 and 4 and the work of 
Goodbody [1972]. 
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The study reported here indicated the following conclusions about 
shipboard antenna design and location. 


SHIP TO SHIP 


1. Ship antenna height has little effect on circuit performance at low 
vhf frequencies. 

2. At frequencies above 100MHz, antenna height has a large influence 
on system performance. 


3. At uhf frequencies, more benefit is gained by raising the antennas 
from G to 30m than from 30 to 60m. 


4. For antenna heights greater than 20m above the sea, system per- 
formance decreases with increasing frequency from 30 to 76MHz, but is 
essentially independent of frequency from 76 to 400MHz. 


SHIP TO AIR 


1. High ship antennas and the highest frequencies produce detection 
contours with large amounts of lobing and the shortest distances of satisfactory 
performance. 


2. Low ship antenna heights lead to less lobing, but performance falls 
off at the lower-elevation, long-range paths. 


3. High ship antennas lead to the best long-range performance, but 
have poor performance near the transmitter because of lobing. 


4. Maximum airspace coverage can be obtained by increasing the 
transmitter power and the average gains in the circuit, but may be difficult to 
achieve on the airborne end because of weight. 


5. Because of the large variability of basic transmission loss for uhf 
circuits with ranges to 556km, little is gained by reducing the variability of the 
free-space antenna gains to zero. 


GENERAL 


1. High time availabilities require large protection biases to achieve 
the desired performances. 


2. For situations in which antenna variability is the significant con- 
tributor to system variability, and a high time availability is desired, it is 
important to minimize antenna standard deviations. However, if antenna 
variability is not a significant contributor to system variability, it is more 
important to increase the mean gain of the antenna to improve system 
performance. 
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3. On the basis of system gain per dollar, it is important to consider 
all parts of the total system, rather than just antennas, in an improvement 
program. More gain may be had by reducing such factors as man-made noise 
and multicoupler and coaxial cable losses. 


In conclusion, the results of the previous analysis have been applied 
to two typical Navy systems. These are representative of the systems in the 
present Navy and have the following characteristics: 


1. Transmitter powers of 100 watts and 16 watts; Py = 20dB, 12dB 
2. Line and multicoupler losses of 4dB; Pj ; =Pp_p = 4dB 


4. 3yV sensitivity for 10dB SNR. (Studies have shown that 10dB 
SNR is adequate to provide 95% sentence intelligibility for trained operators 
using limited vocabulary. This is also the level required for 1079 error proba- 
bility for a data link using a modem which achieves its theoretical limit for 
synchronous, coherent, phase shift keying modulation. Ny = -137.5dBW; 
GS = 10dB. 


5. There are four independent, normally distributed, random vari- 
ables influencing the system. These variables and their standard deviations 
are as follows: 


3. Mean free-space antenna gains of 1.5dB above isotropic; G a 


a. Path loss variations = oy = 4dB 
b. Receiver input noise variation = oy = 4dB 
c. Standard deviation of the receiver antenna free-space gain = 
OAR = 4dB 
d. Standard deviation of the transmitter antenna free-space 
gain = Oo, 7 = 4dB 


Thus, for 99% time availability, B(TA) = B (99%) = 18.4dB, and for 
95% time availability, B(TA) = B (95%) = 13.2dB. Using the above and solv- 
ing equation (2) for Lp, we have the following maximum values for Lp: 

1. 16W, 95%; 121.5dB 

2. 16W, 99%; 116.3dB 

3. 100W, 95%; 129.5dB 

4. 100W, 99%; 124.3dB 

Figures 3 and 4 were used to convert these values to range of com- 
munications for ship-to-ship circuits. The results for three different height 


pairs (30m, 40m, 60m) and the upper and lower frequency in each band of 
interest are shown in figure 12. 


| The detection contours for ship-to-air circuits with the same electrical 
i 
| 


characteristics as above are shown in figure 13 for the worst possible case of 
300MHz, smooth sea, and ship antenna height of 61m. 
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A. 16 WATTS; 95% TIME AVAILABILITY 


40m HEIGHTS 


DETECTION DISTANCE, km 


30m HEIGHTS 


FREQUENCY, MHz 


Figure 12. Ship-to-ship detection range. 
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Figure 12. (Continued) 
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C. 100 WATTS; 95% TIME AVAILABILITY 
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Figure 12. (Continued) 
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In all cases except at 30MHz and 100W, there is a problem in satisfy- 
ing the requirements. Thus, to improve the range of communication, some 
combination of the following must be undertaken to satisfy the requirements: 


1. Increase transmitter power as much as economically feasible. 
2. Decrease electronic cable losses. 
3. Increase average antenna gains. 


4. Decrease standard deviation of the antenna gains (little is 
accomplished, since they are at 4dB already). 


5. Increase receiver sensitivity. 


The results of making modifications or use of different system parameters 
can be found by following the procedure outlined above. 

Thus, the above theoretical calculations indicate that there is a prob- 
lem in reaching CNO reliability and range requirements with the representative 
systems discussed here. 
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Figure 13. Ship-to-air detection range. Radio frequency 300MHz, ship antenna height 200 ft. 
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Figure 13. (Continued) 
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INTRODUCTION 


The most fundamental limitation to successful reception of a signal in 
the uhf military frequency spectrum (225—400MHz) is the natural noise de- 
rived from a combination of solar and galactic sources. In an idealized 
system — one transmitter and one receiver on a simplex circuit — the major 
concern of receiving system design would be the relationship between this 
natural noise and the receiver’s internal noise. But in considering the probable 
system performance in the situation to be discussed in this report, there are 
many interdependent items which force departure from the ideal. 

Uhf communication aboard ship is adversely affected by limited isola- 
tion between transmitted-signal sources and the input terminals of the receivers. 
If there were no limit to physical separation between transmit and receive 
antennas, the obligation of needed isolation could be met by antenna separa- 
tion alone. But, as a practical matter, in the crowded surroundings aboard 
ship, the distance between antennas provides only part of the total isolation 
requirement; the remainder must be found in the rejection characteristics of 
selective circuits placed between antennas and equipments. In the event that 
an antenna is shared by transmit and receive equipments, the responsibility 
for sufficient isolation is solely that of the selective circuits. Any provision of 
isolation by a protective filtering circuit is obtained at the cost of insertion 
loss, which makes the receiving system that much less sensitive or the radiated 
power from the transmitting system lower than the available power. Thus 
there are definite practical bounds to the amount of selectivity which can be 
provided artificially by circuits in black boxes. This fact, in turn, settles the 
minimum frequency separation between receive and transmit channels if the 
degree of isolation required is to be had. Other less obvious types of inter- 
ference contribute further difficulties to system performance and must be 
weighed in the evolution of an accurate determination of the comparative 
worth of several available options. 

This report describes an example of a system analysis procedure which 
must be followed if adequate consideration is to be given each of the many 
items having some effect on uhf communications in a less than ideal environ- 
ment. An attempt is made to show clearly the relative importance of each 
item. Certain quantitative assumptions are made and used in the process of 
working out conclusions for the example. Some of these values will be differ- 
ent when the evaluation procedure is applied to an actual, specific situation. 

To keep the analysis as simple as possible, only a limited equipment 
arrangement has been considered and at only one frequency, the midband 
frequency of 300MHz. Interferences to and from equipments outside the 
uhf communication band of 225-400MHz have not been covered. 


REPRESENTATIVE EQUIPMENTS AND PARAMETERS 


Throughout the description of the system analysis process, the follow- 
ing specific inputs are used. Only where necessary are other frequencies, 
equipments, etc., discussed. Since the uhf spectrum involves a frequency 
change of less than two to one, the midband of 300MHz is emphasized. A 
practical value for isolation between uhf antennas in a shipboard installation 
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is 35dB. Although other transmission line types and lengths may be found in 
actual installations, 100 feet of RG-218/U coax is typical; the attenuation 
from a transmission line run is thus fixed at 2dB. The AT-150 broadband 
dipole is an example of an uhf antenna with low VSWR. It will be served by 
{he four-channel multicoupler AN/SRA-33 where protective selectivity and 
antenna sharing are necessary. The on-channel insertion loss for this device 
with its twin, tunable cavities in cascade is about 2dB. Figure Al shows its 
selectivity at 300MHz. Receiving and transmitting will be provided by the 
respective modes of the AN/SRC-20 transceiver. Transmit mode output 
power is 100 watts. Receive mode sensitivity (6dB (S+N)/N, 1kHz 30%- 
modulation, 6kHz bandwidth) is -107dBm carrier power. The ratio between 
SRC-20 transmitter output power and its receiver threshold power is 157dB. 
Evaluation tests show transmitter harmonics and other spurious signals to be 
more than 80dB below the fundamental power, but these spurious signals 
are 77dB or less above receiver threshold. 


ATTENUATION, dB 


10.0 7.0 5.0 2.0 1.0 /.0 5.0 2.0 10.0 0.7 0.5 0.2 0.1 
AF, MHz 


Figure Al. Uhf multicoupler insertion loss at 300MHz. 
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RELEVANT RECEIVING SYSTEM DETAILS 


SENSITIVITY 


At uhf the level of external noise from natural sources is 5dB above 
thermal noise. The SRC-20 receiver sensitivity can be expressed as a noise 
figure of 11dB above thermal. Hence, the inherent receiver noise, even be- 
fore system sources of attenuation are taken into account, is the major factor 
limiting receivability of any desired signal. (A 6dB (S+N)/N ratio with natural 
noise alone becomes a 2.4dB (StN)/N ratio with receiver noise.) With the in- 
clusion of transmission line loss, system sensitivity drops to a noise figure of 
13dB; addition of multicoupler insertion loss degrades the system to a total 
of 15dB above thermal noise. The important conclusion from this informa- 
tion is that any further decrease in system sensitivity — ftom poor equipment 
maintenance or damaged transmission line, for example — has a direct impact 
on reception capabilities. 


EQUIPMENT-GENERATED INTERFERENCES, GENERAL 


An overall consideration of signals generated in a communications 
system which impair receiving performance can describe them all as being 
indirectly or directly the result of strong local transmissions. (The only ex- 
ception to this statement is the “birdie” interference generated on specific 
fixed frequencies in a receiver without the influence of any external signal.) 
Interference generated in the transmitters and radiated to cause reception 
errors is in the indirect category and includes transmitter spurious, intermodu- 
lation, and broadband noise. Direct interference is that generated in a receiver 
by the effect of one or more strong transmitter fundamental signals at the re- 
ceiver terminals. Difficulties of this type come from receiver spurious, 
desensitization, cross modulation, and inte: modulation. 

{ndirect interference can be controlled only by ovsviding protective 
selectivity betwcen transmitter outputs and antennas. The effect of this 
filtering is twce vId: (1) production of intermodulation between two or more 
transmitter frequencies is lowered; (2) transmitter intermoduiation cross 
products, transmitter spurious signals, and transmitter noise are ail greatly 
weakened before being radiated by the transmitting antenna. Direct inter- 
ference, too, can be restraincd by selectivity between receiving antennas 
and receiver inputs. 


ADJACENT CHANNEL INTERFERENCE, DIRECT 


In the example of an uhf communications system being investigated 
by th application of this system analysis procedure, there are three possible 
situations regarding antennas. The first, though impractical for serious con- 
sideration aboard ship, gives an antenna to each SRC-20 receiver. With the 
assumed antenna isolation figure of 35dB between antennas, the power in- 
duced by 100W (50dBm) of transmit power in a separate antenna serving a 
receiver would be 15dBm. This induced signal is sufficient to cause un- 
acceptable direct interference by desensitization and cross modulation 
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(“adjacent channel” interference) to a received signal unless the sepatu.ion 
b:tween transmit and receive frequencies is greater than 1SMHz. The second 
arrangement allows four transceivers to share a single antenna with an SRA-33 
multicoupler, but now the available power at the transmitter frequency which 
is a potential threat to the receivers on the same antenna is 45dBm. Even 
though the interfering signal is now 30dB greater than in the separate-antenna 
case, the rejection characteristic of the SRA-33 is sufficient to avoid direct 
interference if the transmit and receive frequency separation is more than 
4.5MHz. The last arrangement is again two separate antennas but with an 
SRA-33 multicoupler serving each antenna. The combination of selectivity 
and isolation now decreases the threat from desensitization or cross modula- 
tion until frequency separation is less than 1.1MHz. Figure A2 presents 
curves showing the combined effect of receiver desensitization and cross 
modulation, which occur at approximately equal signal levels. 


1dB SENSITIVITY REDUCTION 
2dB SENSITIVITY REDUCTION 
3dB SENSITIVITY REDUCTION 
6dB SENSITIVITY REDUCTION 


DESIRED SIGNAL FRFQUENCY 


Mi if 


— 89dBm CW SIGNAL @ fo 
— 87.5dBm CW SIGNAL @ fo 
— 82dBm CW SIGNAL @ fo 


-8 -6 4 ~-2 9 2 4 6 
SEPARATION BETWEEN CHANNELS, MHz 


REC DESENS 
1dB 
2dB 
3dB 
6dB 


Figure A2. AN/SRC-20/21 radio set receiver performance, adjacent signal interference. 


INTERMODULATION, DIRECT 


For third-order intermodulation, information is necessary witere both 
interfering transmitters are oulside the minimum receive-transmit frequency 
limits set by adjacent channel interference. Available data for third-order 
receiver intermodulation do not include frequency separations greater than 
9MHz below and 7MHz above the 300MHz receiver frequency. It is necessary 
to extend the very limited curves described by these data to estimate the 


frequency separation demanded by the 15dBm induced power in the receiving 
antenna by two 100W transmitters, when the SRC-20s are on separate antennas 
without multicouplers and adjacent channel limits are plus and minus 15MHz. 
From these extrapolated curves a frequency difference of only 11MHz or 
greater for transmitters above 300MHz will be enough to avoid third-order 

IM generation in the receiver. But the slope of the similar curve below 
300MHz is much less steep, and a frequency difference of at least 29MHz is 
apparent. If four transceivers share a common antenna/SRA-33 combination, 
the extrapolated curves are referred to as before, and the variation of inter- 
fering signal powers at the receiver with change in frequency difference is 
calculated. When interfering powers equal the third-order intermodulation 
curve data at the same frequency difference, then that is the limit beyond 
which IM interference is insignificant. These comparisons prove that 6MHz 
above 300MHz and 9MHz below are the limits set by receiver intermodulation; 
adjacent channel interference limits were only 4.5MHz. It is only necessary to 
use this same comparative exercise, with an additional constant 35dB from 
antenna isolation added to the variable SRA-33 rejection, to show that with 
transceivers on separate antennas plus multicouplers, the receiver-generated 
third-order intermodulation interference is not a problem outside adjacent 
channel interference limits of 1.1MHz. 


RECEIVER RADIATION, DIRECT 


The local oscillator and other oscillators in a receiver can radiate 
small amounts of power, acting the same as a very low power transmitter and, 
under certain circumstances, producing interference to a close-by receiver. 
While this is seldom a source of severe interference, it should be checked to 
confirm that it is negligible. 

The radiations occur at the local oscillator frequency or at harmonics 
of the local oscillator frequency. They may also occur at multiples of the 
crystal oscillator frequency where frequency multiplication is used to realize 
the local oscillator frequency. These frequencies are related to the frequency 
to which the receiver is tuned, and change as the receiver tuning is changed. 

Receiver radiations must be eliminated at the source or by selectivity 
inserted in the path between the radiating receiver input terminals and the 
antenna connected to this receiver. Once radiated, the receiver radiation is 
indistinguishable from weak signals being received by other receivers and 
cannot be discriminated against. 

The AN/SRC-20/21! receiver has three crystal oscillators, so there is 
a possibility of radiation at any multiple of these oscillators. When the re- 
ceiver is tuned to 300MHz, these crystal oscillators are at 31.111MHz, 17MHz, 
and 3.5MHz. Two inband radiations were measured, one at 2830MHz at 
-72dBm level and one at 342MHz at -89dBm level. In addition there were 
several out-of-band radiations. 

The receiver radiation at 2830MHz at -72dBm level will just produce 
a standard response (requires a level of -107dBm) in a receiver tuned to that 
frequency on a separate antenna with 35dB space isolation. The 342MHz at 
~89dBm level will be below receiver noise level and hence will cause no inter- 
ference to a receiver tuned to 342MHz. When antenna couplers are included, 
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the coupler selectivity is sufficient to eliminate any interference from this 
source. 

A receiver tuned to 300MHz.will be interfered with by the spurious 
radiation of a receiver tuned to 268MHz and of a receiver tuned to 320MHz 
in a manner analogous to that outlined above, provided that the available 
data for 300MHz can be extrapolated to cover these frequencies. 


SPURIOUS, DIRECT 


When SRC-20 transceivers are on separate antennas without receiver 
mode protection from multicoupler selectivity, antenna isolation alone is not 
great enough to avoid generation of significant receiver spurious signals at 
three frequencies below and one frequency above the 1SMHz adjacent 
channel limitation. Two frequencies below the 4.5MHz adjacent channel 
minimum cause spurious signal interference when transmitter and receiver 
share an antenna and multicoupler. When the receiver is protected from the 
transmitter by both SRA-33 and 35dB antenna isolation, there are only one 
spurious frequency below and one above the |.1MHz adjacent channel mini- 
mum. (These two frequencies are found from table A1 in the rows in which 
the values in the last column exceed 35dB — namely, 298.486 and 301.665MHz.) 


TABLE Al. SPURIOUS RESPONSES OF AN/SRC-20 RECEIVER, TUNED TO 300MHz. 


Level to Atten Required to 

Frequency of Produce Reduce 51dBm Coupler Added Atten 

Response Standard Output to this Level Attenuation Required* 
260.056MHz -40.2dBm 18dB 
270.004 ~ 
283.056 _ 
286.678 ~ 
290.018 13 
292.388 = 
293.962 
296.556 - 
297.400 5 
298.486 - 9.9 31 36 
(Responses 299 to 301 excluded) 
301.005 -22.4 73 20 59 
301.503 - 4.9 56 30 32 
301.665 -22.9 74 34 46 
302.477 >+ 7 <44 37 <13 
303.084 - 1.9 53 48 1] 
303.637 - 2.2 53 51 8 
305.009 +24 49 55 
306.010 + 4.2 47 58 - 
317.040 - 4.2 55 71 - 


*Includes 6dB required to reduce interference to 6dB below standard response level of 
6dB (S+N)/N ratio. 
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NOISE, INDIRECT 


Under each of the three possible antenna and/or multicoupler combina- 
tions for the SRC-20 transceivers there have been established bands of exclusion 
centcred on the receive frequency by adjacent channel (desensitization and 
cross-modulation) interference. No information was located concerning broad- 
band transmitter noise. This lack requires the calculation of transmitter noise 
power limits for each of the three antenna conditions. The most stringent of 
these limits should become a standard specification requirement. 

The calculations will be based on that level of noise which increases re- 
ceive system noise figure by 1dB. If transmitters and receivers are on separate 
antennas without SRA-33 multicouplers, the system noise figure at the receiv- 
ing antennas is 13dB above thermal (-123dBm in a 6kHz bandwidth). An 
increase of 1dB will result from induced transmitter noise of -129dBm. Permis- 
sible radiated noise at the transmitter antenna to produce this level will be -94dBm. 
Transmitter system coax attenuation is 2dB; the limit of noise power delivered 
to a 50Q load at transmitter terminals at 15MHz from its frequency is -92dBm. 

When transmitters and receivers share a common antenna and multi- 
coupler, there is no isolation between antennas. Only the 54dB multicoupler 
rejection, 4.5MHz from transmit frequency, attenuates transmitter noise. Re- 
ceive system noise in 6kHz at the multicoupler antenna terminal is --121dBm. 
Induced transmitter noise must not exceed -127dBm to keep sensitivity de- 
crease to 1dB. Now the limit on transmitter noise delivered to a 50Q load at 
the transmitter output is -73dBm in a 6kHz band 4.5MHz from the transmit 
frequency. 

Under conditions of separate antennas and multicouplers, both antenna 
isolation and multicoupler selectivity control transmitter noise impact on the 
receive system. Receive system noise figure and acceptable induced trans- 
mitter noise levels are the same as above. The total attenuation of 57dB puts 
the transmitter noise limit at -70dBm in a 6kHz band 1.1MHz from the 
transmit frequency. Table A2 summarizes these results. 


TABLE A2. PERMISSIBLE TRANSMITTER BROADBAND NOISE LEVELS FOR 
1dB IMPAIRMENT OF RECEIVER SENSITIVITY (6kHz bandwidth). 
Level at Level Below 100W 
Transmitter Output Transmitter Rating 


With separate antennas 142dB 
Common antenna with couplers 123 
120 


Separate antennas with couplers 


(Based on minimum channel separations of 15, 4.5, and 1.1MHz, respectively. Does 
not include any selectivity of transmitter output circuit because of lack of available data) 


SPURIOUS, INDIRECT 


Review of transmitter mode spurious signals finds only four frequen- 
cies as potential threats to receiver performance: transmitter at 300MHz; 
interference at 280 (-49dBm), 297 (-42dBm), 303 (-32dBm), and 320MHz 
(-55dBm). In a separate-antenna case with no multicouplers only receiver 
frequencies of 280 and 320MHz must be considered, because they fall out- 
side the plus and minus 15MHz band around the receiver frequency already 
set by direct interference. The average level of these two spurious signals at 
the transmitter is -52dBm. Taking coax attenuation and antenna isolation 
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into account, the transmitter spurious interference level is -91dBm at re- 
ceiver terminals. This is 16dB greater than the level of the carrier used in 
sensitivity measurements. 

When transceivers are served by a common antenna/multicoupler 
combination, the exclusion band is plus and minus 4.5MHz; the same two 
receiver frequencies are subject to transmitter spurious interference. But 
now the SRA-33 rejection to transmitter signals at 20MHz from midband is 
72dB. This is enough to decrease the spurious signal to -124dBm at the re- 
ceiver, removing the possibility of interference. 

All four spurious frequencies must be checked when transceivers are 
on separate antennas with multicouplers. Signals at the two outer frequen- 
cies are attenuated by the total of 111dB, and the two inner signals become 
87dB weaker. Therefore, at the receiver terminals, none of the interfering 
signals — at -163dBm and -124dBm respectively — are really spurious inter- 
ference problems. 


INTERMODULATION, INDIRECT 


Only incomplete data on third- and fifth-order transmitter-generated 
intermodulation signals are available. With one SRC-20 transmitter at 
300MHz (F1) and another (F2) at frequencies 1, 5, and 10% above 300MHz, 
investigations were made with 20, 40, and 60dB decoupling between trans- 
mitter terminals. At 1% (3MHz) separation only one value of IM signal level 
is published: -23dBm fifth order (3F1 - 2F2) with 20dB decoupling. A 
~51dBm third-order intermodulation signal was measured at 2F1 -F2 with 
40dB decoupling for 5% (15MHz) separation. 20dB decoupling and 10% 
(30MHz) separation yielded a third-order intermodulation (2F1 - F2) at 
-40dBm. It is difficult to demonstrate the effect of this kind of interference 
with the analysis procedure without more data, but the single instance of 
third-order IM with 15MHz separation and 40dB decoupling can be applied 
to the usual three cases of antenna and multicoupler combinations. With 
separate antennas for both transmitters and the victim receiver on a third 
antenna tuned to the intermodulation frequency, the 40dB transmitter de- 
coupling can be approximated closely by the summation of antenna isolation 
and coax losses. The -5idBm intermodulation signal generated in each uans- 
mitter is brought down to a level of -90dBm at the receiver by application of 
the 39dB attenuation sum from antenna isolation and coax losses. This signal, 
at a level 17dB above the carrier used during sensitivity measurements, will be 
a combination of single frequency (from carrier mixing) and an interference 
band caused by the information modulating the transmitters. When the two 
transmitters and victim receiver share a common antenna through a multi- 
coupler, the 70dB decoupling between transmitters derived from multicoupler 
rejection at 15MHz is reason enough for removing the danger of this intermodu- 
lation interference. Of course, when this multicoupler rejection is increased by 
ancther 35dB from antenna isolation, under conditions of separate antennas 
with multicouplers, even less concern is justified. 


TOPSIDE INTERMODULATION 


Investigations of uhf intermodulation product levels known tc be 
generated outside receive or transmit system have been made on several 
typical ships. There is considerable scatter in the measurement data, as is to 
be expected from ships varying considerably in configuration and topside 
arrangement. The average third-order intermodulation signal power level 
when the receiver is on an antenna separate from the transmitters is 28dB 
above thermal noise (18dB min, 51dB max); when the receiver shares an 
antenna with the transmitters, the average level increases to 51dB (24dB min, 
66dB max). These figures are for transmitter powers of 20W, however. The 
increase of transmitter power to 100W (a 7dB change) should raise the average 
intermodulation levels to about 42 and 65dB above thermal, respectively. (In 
general, intermodulation signal levels vary as the square of the change in the 
transmitted signals causing them.) Receive system noise is only 15dB above 
thermal. The average intermodulation interference will then be 27 and 50dB 
above receive system sensitivity. (The more than 20dB difference between the 
levels for separate and shared antennas obviously implies that a receiver’s cou- 
pling to IM sources in the transmitter antenna system and immediate vicinity is 
much greater when it shares an antenna than when it is on a separate antenna.) 
Converting interference signal levels for comparison with system interference 
yields -80 and -57dBm. None of the equipment-generated interference signal 
levels is greater than-90dBm. Thus, the topside third-order intermodulation 
sources provide interference 10 and 38dB more severe than those from system 


TABLE A3. COMPARISON OF THIRD-ORDER INTERMODULATION LEVELS. 


Common Antennas 
with Couplers 


Separate 
Antennas 


Generated at transmitter, level at receiver -90dBm no problem 
Generated in receivers no problem no problem 
Generated in antenna environment, level at receiver ~80dBm -57dBm 


(These figures apply to situations outside the adjacent channel limits of 15, 4.5, and 1.1MHz 
previously established.) 


SUMMARY OF RESULTS 


Under the limitations previously listed and for an operating frequency 
of 300MHz, the following conclusions hold: 


I — With transmitter and receiver on separate antennas and no couplers. 
AAS ded eee ee Pataly antennas and no couplers. 


(a) Rejection of transmitter fundamental interference demands an 
excluded band greater than 15MHz each side of receiving frequency to avoid 
desensitization and cross modulation. 


(b) Spurious responses of the receiver will occur for three specific 
transmitter frequencies below and one frequency above the excluded band 
of 15MHz. 
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(c) Third-order intermodulation interference will occur in a receiver 
for interfering signals from two 100W transmitters even for frequency separa- 
tion well beyond the 15MHz excluded band. 


(d) Transmitter broadband noise in a 6kHz band must be less than 
~92dBm at a frequency 15MHz away from the carrier frequency if decreased 
system sensitivity is to be prevented. 
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(e) Transmitter spurious radiations will be strong enough to cause 
interference at two frequencies, one 20MHz above and one 20MHz below 
the operating frequency. Two other interferences fall within the excluded 
band. 


(f) Transmitter intermodulation will produce a third-order interfer- 
ing signal of approximately -90dBm level at frequency separations of approxi- 
mately 15MHz. 


(g) Intermodulation products of the third order generated in the 
antenna system and antenna environment will be a problem. The average 
level is 27dB above the receiving system sensitivity. This is 10dB more 
severe than for any equipment-generated intermodulation, and will fall on 
the same frequencies. 


II — With transmitters and receivers on the same antenna isolated by couplers. 


(a) Rejection of transmitter fundamental interference demands an 
excluded band of 4.5MHz each side of receiving frequency to avoid receiver 
desensitization and cross modulation. 


(b) Spurious responses in the receiver will occur for only two 
specific transmitter frequencies below the excluded band of 4.5MHz. 


(c) Third-order intermodulation interference will occur in receivers 
for interfering signals from two 100W transmitters for a frequency separation 
of 9.5MHz or less from the receiving frequency. 


(d) Transmitter broadband noise in a 6kHz band must be less than 
-73dBm at a frequency 4.5 MHz away from the carrier frequency if decreased 
system sensitivity is to be prevented. 


(e) Transmitter spurious radiations will produce potential interfer- 
ence at two frequencies, one 20MHz above and one 20MHz below the 
operating frequency, but the levels are approximately equal to the noise 
level of the receiving system and should cause little interference. 


(f) Transmitter intermodulation will not be a problem, as it is of 
lower level than the receiving system noise. 


(g) Intermodulation products of the third order generated in 
the antenna system and antenna environment will be a problem. The 
average level is SOdB above the receiving system sensitivity. This is 33dB 
more severe than for any cquipment-gencrated intermodulation, and will 
fall on the same frequencies. 
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lil — With transmitters on one antenna and | receivers on a separate antenna, 
using couplers. 

(a) Rejection of transmitter fundamental interference demands an 
excluded band of |.1MHz each side of receiving frequency to avoid receiver 
desensitization and cross modulation. 


(b) Spurious responses of the receiver will occur for one specific 
transmitter frequency below and above the excluded band of 1.1MHz each 
side of the receiving frequency. 


(c) Third-order intermodulation in receivers is not a problem for 
interfering signals from two 100W transmitters outside the excluded band of 
1.1MHz each side of the receiving frequency. 


(d) Transmitter broadband noise in a 6kHz band must be less than 
-70dBm at a frequency |.1 MHz away from the carrier frequency if decreased 
system sensitivity is to be prevented. 


(e) Transmitter spurious radiations will not be a problem, as they 
are attenuated below the receiving system noise. 


(f) Transmitter intermodulation is not a problem, as it is below the 
receiving system noise level. 


(g) Intermodulation products of the third order generated in the 
antenna system and antenna environment will be a problem. The average 
level is 27dB above the receiving system sensitivity. This is 10dB more 
severe than for any equipment-generated intermodulation, and will fall on 
the same frequencies. 


CONCLUSIONS 


A technique has been developed for the analysis of the interference 
situation in a uhf communication system and illustrated by application at 
one specific midband frequency of 300MHz. With minor modifications this 
technique can be applied over the uhf band and to other equipments and 
arrangements wherever adequate basic measurement data are available or 
can be reliably estimated. 

The following specific conclusions are reached: 


(a) The use of antenna multico iplers (or filters) is essential in ship- 
board uhf communication systems, even in situations in which there is no 
overriding requirement to reduce the number of antennas. The selectivity of 
multicouplers greatly reduces the number of interferences experienced. 


(b) In general, increased selectivity is much more effective in re- 
ducing interferences than is any practical increase of isolation due to an 
increase in antenna separation. 


(c) In situations in which the added expense and extra cables can be 
justified, a system having minimum interference can be achieved by using 
multicouplers and by grouping transmitters on one antenna and receivers on 
a separate antenna. This may not be convenient with transceiver-type equip- 
ments without modification. 
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(d) Much can be done to alleviate interference by careful considera- 
tion of frequency assignments. 


(e) Acertain minimum frequency separation must be maintained 
between channels having transmitters and receivers operating simultaneously. 
This minimum requirement varies with equipment type, multicoupler appli- 
cation, antenna separation, and the portion of the frequency band under 
consideration. For the three antenna system and equipment arrangements 
assumed in this report, these minimum frequency separations are approxi- 
mately 15MHz, 4.5MHz, and 1.1MHz. 


(f) Certain specific frequencies outside these minimum frequency 
separations must be left unassigned if interference from intermodulation 
products, receiver spurious responses, etc., are to be avoided. In general, 
these frequencies change as the operating frequencies of transmitters and 
receivers change. 


(gz) Only interferences arising from sources within the uhf 
225—400MHz band have been considered and those only for one particular 
equipment, the AN/SRC-20, and only at one particular operating frequency, 
300MHz. 


RECOMMENDATIONS 


(a) The werk and this report should be extended to consider the 
interference situation at other representative frequencies, or possibly at all 
frequencies, within the uhf communication band from 225 to 400MHz. 


(b) This report should be extended to include consideration of 
interference to and from other types of uhf communication equipments 
operating in or proposed for this band. 

(c) This report should be extended to include out-of-band interfer- 
ences to hf, vhf, uhf, and shf communication equipments and out-of-band 
interferences from hf, vhf, uhf, and shf communication equipments. 


(d) This technique should be extended to include interferences to 
and from radar equipments, ECM equipments, and other related equipments. 
This may require a measurement program in cases in which reliable data are 
currently nonexistent. 


(e) Because some information required for system performance 
analysis is either lacking (as in transmitter broadband noise) from present 
transmitter and receiver performance tests or not directly applicable (as in 
receiver intermodulation and receiver spurious response data), a detailed 
evaluation should be conducted to modify equipment test methods so that 
better support of system analyses will be provided by future equipment test 
data. 


(f) This report should be extended to include techniques for the 
devising of frequency assignment plans that are as nearly interference-free 
as possible considering the performance limitations of current equipments. 
Some suggestions for assignments of those channels carrying heavy or urgent 
traffic should be included. 
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